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Summary of Invention 

[0002] This invention is related to a phase-locked mechanical 

resonator pair that comprises at least two mechanical res- 
onators wherein the resonance of the second mechanical 
resonator is phase-locked to the resonance of the first 
mechanical, and a micromachined vibration gyroscope 
that uses such phase-locked mechanical resonator pair as 
its resonating masses to generate differential Coriolis 

forces and to achieve inertial cancellation. 
Brief Description of Drawings 

[0003] Figure 1 is a plan view of a prior art: a micromachined vi- 
bration gyroscope that is similar in principal to known gy- 
roscopes. 

[0004] Figure 2 is a block diagram of a prior art: a phase-lock 
loop that is used to lock the phases of two electrical sig- 
nals in the circuit design. 



[0005] Figure 3 is a block diagram that describes the principal of 
the phase-locked mechanical resonator pair (present in- 
vention) according to one of its embodiments. 

[0006] Figure 4 is a block diagram that shows another embodi- 
ment of the phase-locked mechanical resonator pair 
(present invention). 

[0007] Figure 5 is a plan view of one of the embodiments of the 
mechanical resonator in the phase-locked mechanical 
resonator pair (present invention). 

[0008] Figure 6 is a plan view of one of the embodiments of a 

micromachined vibration gyroscope that uses the phase- 
locked mechanical resonator pair as its resonating masses 

(present invention). 
Detailed Description 

[0009] Figure 1 is a plan view of a prior art: a micromachined vi- 
bration gyroscope that is similar in principal to known gy- 
roscopes. 

[0010] Movable structure 120 is suspended over substrate 100 

and supported by beams 113-116. One end of each of the 
beams 113-116 is anchored on the substrate through an- 
chors 103-106, respectively. Elements 131, 132, 137, and 
138 are fixed structures anchored on the substrate 100 
through anchors 101, 102, 107, and 108, respectively. El- 



ement 131 and element 120 form a comb-driver. Element 
132 and element 120 form a comb-like capacitor. Element 
137, element 138, and element 120 form two parallel- 
plate capacitors. 

[0011] The movable structure 120 is driven by the comb-driver 
formed by element 131 and 120 to resonate along the x- 
axis. The resonance causes capacitance changing of the 
comb-like capacitor formed by element 132 and element 
120, which reflects the amplitude, frequency, and phase 
of the resonance. Such capacitance changing is detected 
by external circuit and is used to control the resonance of 
the movable structure 120. 

[0012] a Coriolis force along the y-axis is generated on the mov- 
able structure 120 when the device experiences a rotation 
about the z-axis. The Coriolis force causes the movable 
structure 120 to resonate along the y-axis in addition to 
the resonance along the x-axis. The resonance along the 
y-axis further causes capacitance changing of the paral- 
lel-plate capacitors formed by element 137, element 138, 
and element 120. Such capacitance changing is detected 
by external circuit as indication of the rotation rate. 

[0013] The design shown in Figure 1 utilizes only one movable 
structure as the resonating mass. Thus the driving mo- 



mentum balance for inertial cancellation is not satisfied, 
i.e., while the movable structure 120 resonates along the 
x-axis, it injects energy to the mounting point of the de- 
vice. Part of the injected energy is reflected back to the 
device and affects the readout of the device. Such effect is 
not desirable because in this case the performance of the 
device varies as the device mounting condition changes. 
Another disadvantage of utilizing only one movable struc- 
ture as the resonating mass is that the generation of the 
Coriolis force is not differential in this case. Thus some 
common-mode disturbances such as acceleration in the 
y-axis may significantly affect the readout. 

[0014] Figure 2 shows a block diagram of a prior art: a phase- 
lock loop that is used to lock the phases of two electrical 
signals in the circuit design. 

[0015] The phase-lock loop typically comprises elements 200 

(Oscillator A), 201 (Voltage/Current Controlled Oscillator 
B), 202 (Phase Detector), 203 (Low-Pass Filter). The "Phase 
Detector"202 detects the phase difference of the two out- 
put signals from "Oscillator A"200 and "Voltage/Current 
Controlled Oscillator B"201. The "Low-Pass Filter" 203 fil- 
ters out the high frequency components of the output 
signal of "Phase Detector"202 and passes the low fre- 



quency components of the signal, which reflects the phase 
difference of the output signal of "Oscillator A"200 and 
the output signal of "Voltage/Current Controlled Oscillator 
B"201, to the input of "Voltage/Current Controlled Oscil- 
lator B"201, which controls the oscillation frequency of 
"Voltage/Current Controlled Oscillator B" 201. A control 
loop is thus formed. The control loop tends to maintain 
the phase difference to be certain fixed value, which de- 
pends on the characteristics of the control loop. In case 
the phase difference varies from that fixed value, the con- 
trol loop detects such variation and automatically adjusts 
the oscillation frequency of "Voltage/Current Controlled 
Oscillator B" 201 to pull the phase difference back to that 
fixed value. At stable status, the oscillations of the two 
oscillators are synchronized to each other with a stable 
phase difference. 

[0016] Figure 3 is a block diagram that describes the principal of 
the phase-locked mechanical resonator pair (present in- 
vention) according to one of its embodiments. 

[0017] Element 300 is a mechanical resonator, which has at least 
a driving port that is used to drive the mechanical res- 
onator to resonate, and a driving feedback port that out- 
puts signals that reflect the status of the resonance (such 



as amplitude, frequency, and phase of the resonance). 

[0018] Element 305 is a feedback control circuit, of which the 

function is to maintain a feedback loop between the driv- 
ing feedback port and the driving port of the mechanical 
resonator 300 and to drive the mechanical resonator 300 
to resonate at or close to its natural resonant frequency. 

[0019] Element 301 is a mechanical resonator, which has at least 
a driving port that is used to drive the mechanical res- 
onator to resonate, a driving feedback port that outputs 
signals that reflect the status of the resonance (such as 
amplitude, frequency, and phase of the resonance), and a 
frequency adjustment port through which the natural res- 
onant frequency of the mechanical resonator can be ad- 
justed by applying a signal on said frequency adjustment 
port. 

[0020] Element 306 is a feedback control circuit, of which the 

function is to maintain a feedback loop between the driv- 
ing feedback port and the driving port of the mechanical 
resonator 301 and to drive the mechanical resonator 301 
to resonate at or close to its natural resonant frequency. 

[0021] Element 302 is a phase detector, which has the same 

function as a phase detector used in a typical phase-lock 
loop (such as element 202 in Figure 2). 



[0022] Element 303 is a low-pass filter, which has the same 

function as a low-pass filter used in a typical phase-lock 
loop (such as element 203 in Figure 2). 

[0023] The "Phase Detector" 302 detects the phase difference of 
the two output signals from "Feedback Control A"305 and 
"Feedback Control B"306. The "Low-Pass Filter"303 filters 
out the high frequency components of the output signal 
of "Phase Detector" 302 and passes the low frequency 
components of the signal, which reflects the phase differ- 
ence between the resonance of "Mechanical Resonator 
A"300 and the resonance of "Mechanical Resonator B"301, 
to the frequency adjustment port of "Mechanical Res- 
onator B"301, which adjusts the natural resonant fre- 
quency of "Mechanical Resonator B"301. A control loop is 
thus formed. The control loop tends to maintain the phase 
difference between the resonance of "Mechanical Res- 
onator A"300 and the resonance of "Mechanical Resonator 
B"301 to be certain fixed value, which depends on the 
characteristics of the control loop. In case the phase dif- 
ference varies from that fixed value, the control loop de- 
tects such variation and automatically adjusts the natural 
resonant frequency of "Mechanical Resonator B" 301 to 
pull the phase difference back to that fixed value. At sta- 



ble status, the resonances of the two mechanical res- 
onators are synchronized to each other with a stable 
phase difference. 

[0024] Figure 4 is a block diagram that shows another embodi- 
ment of the phase-locked mechanical resonator pair 
(present invention). 

[0025] Element 400 and Element 401 are two mechanical res- 
onators, each of which has at least a driving port that is 
used to drive the mechanical resonator to resonate, a 
driving feedback port that outputs signals that reflect the 
status of the resonance (such as amplitude, frequency, 
and phase of the resonance), and a frequency adjustment 
port through which the natural resonant frequency of the 
mechanical resonator can be adjusted by applying a signal 
on said frequency adjustment port. By applying a signal 
"Setting A"on the frequency adjustment port of "Mechani- 
cal Resonator A"400, the natural resonant frequency of 
"Mechanical Resonator A"400 can be preset to be within 
the adjustable range of the natural resonant frequency of 
"Mechanical Resonator B" 401 so that a phase-lock be- 
tween the resonances of the two mechanical resonators 
can occur. 

[0026] Element 405 is a feedback control circuit, of which the 



function is to maintain a feedback loop between the driv- 
ing feedback port and the driving port of "Mechanical 
Resonator A"400 and to drive "Mechanical Resonator 
A"400 to resonate at or close to its natural resonant fre- 
quency. 

[0027] Element 406 is a feedback control circuit, of which the 

function is to maintain a feedback loop between the driv- 
ing feedback port and the driving port of "Mechanical 
Resonator B"401 and to drive "Mechanical Resonator 
B"401 to resonate at or close to its natural resonant fre- 
quency. 

[0028] Element 402 is a phase detector, which has the same 

function as a phase detector used in a typical phase-lock 
loop (such as element 202 in Figure 2). 

[0029] Element 403 is a low-pass filter, which has the same 

function as a low-pass filter used in a typical phase-lock 
loop (such as element 203 in Figure 2). 

[0030] Element 407 and element 408 are phase-shifters that 

have the same function as a typical phase-shifter used in 
circuit design to shifter the phase of a signal. The func- 
tions of these two phase-shifters are to adjust the phases 
of the output signals from "Feedback Control A"405 and 
"Feedback Control B"406 so that the after-lock phase dif- 



ference between the resonance of "Mechanical Resonator 
A"400 and the resonance of "Mechanical Resonator B"401 
can be adjusted. 
[0031] The "Mechanical Resonator A"400 is driven by "Feedback 
Control A"405 to resonate at or close to its natural reso- 
nant frequency. The "Mechanical Resonator B"401 is 
driven by "Feedback Control B"406 to resonate at or close 
to its natural resonant frequency. The "Phase Shifter 
A"407 shifts the phase of the output signal of "Feedback 
Control A"405. The "Phase Shifter B" 408 shifts the phase 
of the output signal of "Feedback Control B"406. The out- 
puts of "Phase Shifter A"407 and "Phase Shifter B"408 are 
passed to "Phase Detector"402. The "Phase Detector" 402 
detects the phase difference of the two output signals 
from "Phase Shifter A"407 and "Phase Shifter B"408. The 
"Low-Pass Filter"403 filters out the high frequency com- 
ponents of the output signal of "Phase Detector" 402 and 
passes the low frequency components of the signal, which 
reflects the phase difference of the two mechanical res- 
onators (i.e., "Mechanical Resonator A"400 and "Mechani- 
cal Resonator B"401), to the frequency adjustment port of 
"Mechanical Resonator B"401, which adjusts the natural 
resonant frequency of "Mechanical Resonator B"401. A 



control loop is thus formed. The control loop tends to 
maintain the phase difference between the resonance of 
"Mechanical Resonator A"400 and the resonance of "Me- 
chanical Resonator B"401 to be certain fixed value, which 
depends on the characteristics of the control loop and the 
characteristics of the phase-shifters. In case the phase 
difference varies from that fixed value, the control loop 
detects such variation and automatically adjusts the natu- 
ral resonant frequency of "Mechanical Resonator B" 401 to 
pull the phase difference back to that fixed value. At sta- 
ble status, the resonances of the two mechanical res- 
onators are synchronized to each other with a stable 
phase difference. 

[0032] Figure 5 is a plan view of one of the embodiments of the 
mechanical resonator in the phase-locked mechanical 
resonator pair (present invention). 

[0033] Movable structure 520 is suspended over substrate 500 

and supported by beams 513-516. One end of each of the 
beams 513-516 is anchored on the substrate through an- 
chors 503-506, respectively. Elements 531, 532 and 539 
are fixed structures anchored on the substrate 500 
through anchors 501, 502 and 509, respectively. Element 
531 and element 520 form a comb-driver. Element 532 



and element 520 form a comb-like capacitor. Element 539 
and element 520 form a parallel-plate capacitor. 

[0034] The movable structure 520 is driven by the comb-driver 
formed by element 531 and 520 to resonate along the x- 
axis. The resonance causes capacitance changing of the 
comb-like capacitor formed by element 532 and element 
520, which reflects the amplitude, frequency, and phase 
of the resonance. Such capacitance changing is detected 
by external circuit and is used to control the resonance of 
the movable structure 520. 

[0035] The natural resonant frequency of the movable structure 
520 is mainly determined by the supporting beams 
513-516. It can be further adjusted by applying a voltage 
between the two electrodes of the capacitor formed by el- 
ement 539 and the movable structure 520. When such a 
voltage is applied, an electrostatic force, of which the 
value is a function of the relative position of the two elec- 
trodes, is generated and applied on the movable structure 
520. In the case that element 539 and element 520 form a 
parallel-plate capacitor, the electrostatic force has a com- 
ponent that is linear to the relative position of the two 
electrodes, which can be approximately expressed as: 

[0036] p=kx 



[0037] where: 

[0038] k=-V*V*e0*er*A/(d0*d0*d0); 

[0039] v is the voltage applied between the electrodes; 

[0040] e o is the vacuum permittivity; 

[0041] er j S the relative permittivity; 

[0042] a is the effective area of the parallel-plate capacitor; 

[0043] do is the as-fabricated gap distance of the parallel-plate 
capacitor; 

[0044] x j S t he displacement of the movable structure 520 rela- 
tive to the substrate 500. 

[0045] Compared to the force-displacement relationship of a 
mechanical spring, which is typically also expressed as 
F=kx, the linear component of the electrostatic force acts 
as a spring constant. The total spring constant for the 
movable structure 520 is a sum of such spring constant 
caused by the electrostatic force and the mechanical 
spring constant defined by the mechanical supporting 
beams 513-516. Thus by applying a voltage between the 
two electrodes of the capacitor formed by element 539 
and the movable structure 520, the natural resonant fre- 
quency of the movable structure 520 can be adjusted. 



[0046] | n application, the electrical connection to element 501 
can be used as the driving port, the electrical connection 
to element 502 can be used as the driving feedback port, 
and the electrical connection to element 509 can be used 
as the frequency adjustment port. In case the frequency 
adjustment port is not needed, element 509 can be tied to 
a fixed voltage or to the same potential of element 520. 

[0047] a mechanical resonator pair can be formed by two of the 
mechanical resonators interpreted in Figure 5. With the 
additional circuit blocks interpreted in Figure 3 or Figure 
4, the resonances of the two mechanical resonators can 
be phase-locked to each other with certain preset phase 
difference. 

[0048] Figure 6 is a plan view of one of the embodiments of a 

micromachined vibration gyroscope that uses the phase- 
locked mechanical resonator pair as its resonating masses 
(present invention). 

[0049] The embodiment comprises two symmetric or close- 
to-symmetric sub-gyroscopes, i.e., gyro-A and gyro-B, 
built on substrate 600 and placed side by side on sub- 
strate 600. In Figure 6, elements for gyro-A are numbered 
with suffix "a"while elements for gyro-B are numbered 
with suffix "b". 



[0050] Elements 601a-606a, 609a, 613a-616a, 620a, 631a, 

632a, and 639a in Figure 6 have the same functions as or 
similar functions to elements 501-506, 509, 513-516, 
520, 531, 532, and 539 in Figure 5, respectively. Elements 
637a and 638a are fixed structures anchored on the sub- 
strate through anchors 607a, and 608a, respectively. Ele- 
ment 637a, element 638a, and element 620a form two 
capacitors, preferably parallel-plate capacitors. 

[0051] The movable structure 620a is driven by the comb-driver 
formed by element 631a and 620a to resonate along the 
x-axis. The resonance causes capacitance changing of the 
capacitor formed by element 632a and element 620a, 
which reflects the amplitude, frequency, and phase of the 
resonance along the x-axis. Such capacitance changing is 
detected by external circuit and is used to control the res- 
onance of the movable structure 620 along the x-axis. 

[0052] a Coriolis force along the y-axis is generated on the mov- 
able structure 620a when the device experiences a rota- 
tion about the z-axis. The Coriolis force causes the mov- 
able structure 620a to resonate along the y-axis in addi- 
tion to the resonance along the x-axis. The resonance 
along the y-axis further causes capacitance changing of 
the capacitors formed by element 637a, element 638a, 



and element 620a. Such capacitance changing is detected 
by external circuit as indication of the rotation rate. 
[0053] Optionally, while the capacitor formed by element 637a 
and element 620a is used as a detection capacitor to 
sense the resonance along the y-axis caused by the Cori- 
olis force, the capacitor formed by element 638a and ele- 
ment 620a can be used as an electrostatic driver to 
achieve force-balancing, i.e., the generated Coriolis force 
along y-axis is cancelled by another force along y-axis so 
that the movable structure 620a moves only insignifi- 
cantly along the y-axis. By accordingly applying a voltage 
between element 638a and element 620a, an electrostatic 
force along y-axis can be generated on the movable 
structure 620a to cancel the Coriolis force along the y- 
axis. In this case, the voltage applied between element 
638a and 620a can be output as indication of the rotation 
rate. 

[0054] Gyro-B is symmetric or close-to-symmetric to Gyro-A. 
Gyro-B works in the same way as or similar way to Gyro- 
A. 

[0055] with the additional circuit blocks interpreted in Figure 3 or 
Figure 4, the x-axis resonances of the two resonating 
masses (i.e., movable structures 620a and 620b) can be 



phase-locked to each other with 180-degree or close to 
180-degree phase difference. When the amplitudes of the 
x-axis resonances are controlled to be the same, or close 
to be the same, the driving momentum balance for inertial 
cancellation can be satisfied, i.e., the movable structure 
620a and 620b inject no or insignificant net energy to the 
mounting point of the device while they resonate along 
the x-axis. Furthermore, the generation of the Coriolis 
forces is differential. Thus the common-mode distur- 
bances such as acceleration in the y-axis will not signifi- 
cantly affect the readout. 



